Objective: To assess the prevalence and the specificity of leptomeningeal enhancement (LME) on postcontrast T2-fluid-attenuated inversion recovery (FLAIR) MRI in multiple sclerosis (MS) compared to a variety of inflammatory and noninflammatory neurologic conditions assessed in 2 academic research hospitals.
The breakdown of the blood-leptomeningeal barrier in vessels traversing the subarachnoid space is associated with meningeal inflammation in a variety of neurologic diseases, especially those with an inflammatory or infectious etiology. In a fashion complementary to the more invasive analysis of CSF, postcontrast T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) MRI has recently shown potential in uncovering this specific feature of meningeal inflammation, with greater sensitivity than conventional T1-weighted MRI.
demyelination, and a correlation with cortical atrophy lent support to the hypothesis that focal LME is related to meningeal inflammation and cortical damage in MS. 4 In this cross-sectional study of participants in clinical research protocols in 2 academic research hospitals, we assessed the prevalence and specificity of LME on 3T postcontrast T2-FLAIR in a non-MS cohort (n 5 254), comparing the results to our previously described MS cohort (n 5 299). 4 Our goal was to explore the often-overlooked disruption of the blood-leptomeningeal barrier in otherthan-MS neurologic diseases (both inflammatory and noninflammatory) and in infection with neurotropic viruses, in particular HTLV and HIV.
METHODS From late 2010 to early 2016, imaging, laboratory, and clinical data were prospectively collected under institutional review board-approved protocols in 254 adults from 2 academic research hospitals: the NIH Clinical Center (Bethesda, MD) and the San Raffaele Hospital (Milan, Italy). For the purpose of LME evaluation on postcontrast T2-FLAIR images, participants were grouped according to clinical diagnosis, as follows:
• Fifty-one individuals with inflammatory and immunemediated neurologic diseases other than MS spectrum, including neuromyelitis optica spectrum disorder, immune-mediated encephalitis, immune-mediated cerebellar ataxia, systemic inflammatory diseases with white matter (WM) MRI abnormalities not suggestive for MS, and Susac syndrome • Thirty-eight individuals with noninflammatory neurologic diseases, including small vessel disease, migraine, neurodegenerative diseases, and compressive myelopathy • Thirty-eight individuals infected with HTLV, including 25 with a diagnosis of HTLV-associated myelopathy/tropical spastic paraparesis (HAM/TSP) according to the published WHO diagnostic criteria and 13 with asymptomatic HTLV infection; 18 people with HAM/TSP were untreated, 4 were enrolled in clinical trials of experimental agents at the NIH, 1 was treated with methotrexate, 1 was treated with interferon-b-1a, and 1 was treated with oral prednisone; no asymptomatic HTLV carrier was treated • Sixty-one individuals with HIV infection on antiretroviral therapy and with plasma viral load ,200 copies/mL • Sixty-six healthy volunteers (enrolled in NIH-approved studies allowing gadolinium injection); only 2 healthy volunteers overlapped with the cohort in our previous study 4 Demographic data are described in the table. MRI studies were performed on 4 3T MRI scanners: 2 Philips Intera scanners (Philips Medical Systems, the Netherlands), a Siemens Skyra scanner (Siemens AG, Germany), and a General Electric Signa HDx scanner (GE Healthcare, USA). In all scans, 3D T2-FLAIR images were acquired after postcontrast T1-weighted images. Only scans with 3D T2-FLAIR images obtained at least 10 minutes after IV injection of a single dose (0.1 mmol/kg) of gadolinium-based contrast material were included, as previously described. 4 LME was identified on postcontrast T2-FLAIR by an investigator (M.A.) who had participated in our prior study and who used the same criteria for evaluation 4 : (1) LME was defined as signal intensity within the subarachnoid space substantially greater than that of brain parenchyma and brighter on postcontrast than on precontrast T2-FLAIR images (available here in 81% of cases); and (2) high-signal regions adjacent to dural venous sinuses, basal meninges, and large subarachnoid veins were excluded a priori. When present, LME was classified according to number of foci and associated enhancement on postcontrast T1-weighted images. The presence or absence of contrast-enhancing WM lesions was also assessed on postcontrast T1-weighted images.
Volumes of the brain and cerebral cortex, normalized to the intracranial volume, were obtained using Lesion-TOADS and SPECTRE software on precontrast T1-weighted images, as previously described. 7 When available, CSF results (leukocyte count, total protein, and the presence of CSF-restricted oligoclonal immunoglobulin G bands) were recorded. The time between lumbar puncture (LP) and MRI was highly variable, and only 3 scans occurred within a week after the LP. In no case did we observe signs of pachymeningeal diffuse and contiguous enhancement that are commonly associated with LP.
Statistics. A general linear model on squared age values, adjusted
for unequal variances, assessed differences in age among different disease groups as well as a potential effect of participant age on LME. Statistical comparison of LME occurrence across groups was based on a logistic regression model corrected for age. The association between LME and normalized brain as well as cortical volumes was evaluated in disease groups with high LME occurrence (inflammatory and immune-mediated neurologic diseases, HTLV, and HIV infections) using 2 linear heteroscedastic models, including age as covariate. For CSF results, we verified the hypothesis of homogeneous odds ratios (ORs) across disease groups and used a Cochran-Mantel-Haenszel x 2 test with continuity correction to compute the common OR.
Standard protocol approvals, registrations, and patient consents. The study received approval from an ethical standards committee on human experimentation in each of the 2 academic research hospitals, and written informed consent was obtained from all participants.
RESULTS Focal LME was detected in 56/254 non-MS cases (22%) vs 74/299 (25%) of previously published MS cases. 4 Irrespective of the clinical diagnosis, the main morphologic features of the detected non-MS LME resembled those previously
than infratentorial. In the non-MS cohort, LME was found as a single focus in 42/56 cases (75%) and multiple foci in 14/56 (25%). In 73 of 99 identified foci of LME (74%), minimal hyperintense signal, generally in proximity to a meningeal vessel, was also seen on postcontrast T1-weighted images. There was no association between the presence of LME and brain parenchymal enhancing lesions (only 9 of 254 individuals had evidence of contrast enhancement within the brain parenchyma). People with enhancing foci in the leptomeninges were slightly older than those without (mean age 51.2 and 46.1, respectively; p 5 0.004); this was consistent across all groups.
Overall, LME was ;4-fold more frequent in inflammatory and immune-mediated neurologic conditions (18/51 cases, 35%, figure 1) than in Figure 1 Leptomeningeal contrast enhancement in representative cases
Leptomeningeal enhancement in a 42-year-old woman with Behçet disease, celiac disease, and multiple white matter lesions. Leptomeningeal enhancement (arrows) corresponds to foci of high signal intensity within the subarachnoid space on postcontrast 3D T2-fluid-attenuated inversion recovery (FLAIR) images at 3T MRI, but not on the corresponding precontrast T2-FLAIR. Postcontrast T1-weighted images show subtle abnormal signal that would not routinely be classified as enhancement. Leptomeningeal enhancement shares common morphologic features among different neurologic and neuroinfectious conditions.
non-inflammatory neurologic conditions (3/38 cases, 8%) and healthy volunteers (5/66 cases, 8%, figure e-1 at Neurology.org). The highest prevalence of LME was detected in HTLV infection (17/38 cases, 45%), especially in HAM/TSP (14/25 cases, 56%, figure 2) vs asymptomatic HTLV carriers (3/13 cases, 23%). LME was also frequently found in HIV infection (13/61 cases, 21%). Among patients with LME, multiple foci were more frequently seen in inflammatory and immune-mediated neurologic conditions as well as in HTLV infection. See the table for further details. The logistic regression model showed overall significance (likelihood ratio test 5 51.3, degrees of freedom 5 6, p , 0.0001), with no evidence of model lack of fit (deviance statistics 5 551.5, degrees of freedom 5 546, p 5 0.43). The OR of LME for each disease group (compared to healthy volunteers) is shown in figure 3 . Among groups, inflammatory/ immune-mediated neurologic conditions, HTLV, and MS showed a significant increase in odds of LME occurrence (p 5 0.0007, p 5 0.001, and p 5 0.02, respectively).
In those disease groups showing high occurrence of LME, age-corrected normalized brain and cortical volumes were not significantly different in individuals with and without LME (inflammatory and immunemediated neurologic conditions, p 5 0.14, p 5 0.09, respectively; HTLV, p 5 0.54, p 5 0.07, respectively; and HIV, p 5 0.56, p 5 0.34, respectively).
In 118 of 254 cases (46%), results of CSF examination were available for comparison. Considering the clinical diagnosis in the statistical model, CSF protein (common OR 1.28, 95% confidence interval [CI] 0.44-3.75) and leukocyte count (common OR 1.66, 95% CI 0.46-6.00) were not different in individuals with and without LME. There was no association with CSF-restricted oligoclonal immunoglobulin bands (common OR 0.78, 95% CI 0.20-3.03), which were detected in only 42/87 available cases (48%). DISCUSSION In this cross-sectional study, we explored the prevalence and specificity of LME on 3T postcontrast T2-FLAIR images, screening an academic clinical research-based sample of individuals with a variety of neurologic conditions as well as controls. We found that subtle and focal abnormalities of the blood-meninges barrier were frequently observed in inflammatory and immunemediated neurologic conditions as well as in individuals infected with neurotropic viruses (HTLV and HIV). Furthermore, the low frequency of LME in controls and in individuals without underlying inflammatory neurologic disease provides additional support to the recent notion that CSF-restricted enhancement on postcontrast T2-FLAIR images, when present, is an expression of breakdown of the blood-meningeal barrier, related directly to ongoing inflammation or post-inflammatory scarring, as might occur in traumatic brain injury. 8 This interpretation is in line with the role of the leptomeninges as a relay and modulatory gate for peripheral immune cells in health and in a variety of immunopathologic processes that lead to focal bloodmeningeal barrier impairment. In viral meningoencephalitis, including that related to HIV, involvement of the leptomeninges is a key pathologic feature. In MS, in which immunologic tolerance toward CNS myelin antigens fails, LME is associated with pathologically detected subpial cortical demyelination, cortical atrophy, and clinical disease progression. 4 Among all pathologic conditions explored here, foci of LME were most frequently detected in HTLV (45% of cases) and, remarkably, in the majority (56%) of HAM/TSP cases. In the few reported autopsy cases of HAM/TSP, despite the fact that the most striking pathologic changes were found in the spinal cord, perivascular lymphocyte and monocyte infiltration in thickened leptomeninges was observed in the forebrain. 5, [9] [10] [11] [12] [13] However, this finding was considered to be unrelated to parenchymal tissue damage and the overall clinical picture. In this context, future assessment of the predictive value of LME for the development of HAM/TSP in HTLV-infected individuals would be of great research interest and, perhaps, diagnostic relevance.
Unlike in MS, 4,14 LME was not significantly associated with lower brain and cortical volume in this heterogeneous cohort of inflammatory and immunemediated neurologic conditions or individuals with neurotropic viruses (HTLV and HIV). This is not surprising, as these diseases are characterized by distinct immunologic events occurring within the leptomeninges and disease-specific CSF cytokine/ chemokine profiles that might not necessarily trigger the cortical damage and thinning described in MS. 4, 14 In line with our previous study, 4 we did not detect any significant association between LME and routine CSF analysis (total protein, leukocyte count, and CSF-restricted oligoclonal bands), suggesting that LME can identify subtle and focal abnormalities of the blood-meningeal barrier. In future studies, it would be important to assess whether specific cytokine/chemokine profiles in the CSF might correlate with LME in MS vs other neurologic conditions as well as to standardize the timing occurring between MRI acquisition and CSF collection.
Leptomeningeal compartment contrast enhancement is not specific to MS but occurs frequently in non-MS inflammatory and immune-mediated neurologic conditions and, remarkably, in patients with HTLV-associated myelopathy. Despite this, the link between LME and cortical thinning may prove a distinct feature of MS that requires future in-depth correlation analysis with CSF immunologic profiles. The association between LME and spinal cord atrophy, particularly in HAM/TSP, would be useful to ascertain. Overall, this cross-sectional study strengthens the potential role of postcontrast T2-FLAIR MRI for assessing inflammation within the leptomeningeal compartment.
